ABSTRACT Previous studies have documented a quantitative relation between alterations in transmural myocardial blood flow and body surface electrocardiographic distributions during rapid atrial pacing after chronic occlusion of the left circumflex coronary artery (LCx). Because other studies have described functional differences between the left anterior descending (LAD) and the LCx perfusion beds, we tested the hypothesis that these two territories exhibit quantitative differences in their responses to demand-dependent myocardial ischemia. To do so, 25 sedated dogs were studied 3 weeks after implantation of an ameroid constrictor around the proximal LCx (15 dogs, group I) or the LAD (group II). Oxygen demand was increased by rapid atrial pacing at rates of 90 to 210 beats/min, myocardial blood flow was measured by serial injections of radiolabeled microspheres, and the electrocardiographic consequences were evaluated by isopotential body surface mapping. Endocardial flows and the endocardial/epicardial flow ratio fell to significantly lower levels during atrial pacing in the ischemic LAD bed than in the LCx perfusion zone. Electrocardiographic patterns indicative of subendocardial ischemia also developed with lesser abnormalities in endocardial/epicardial ratios as determined by logistic regression models, in the LAD than in the LCx bed. Thus the LAD bed is more susceptible to ischemia than the LCx region because of differences in collateral blood flow patterns. In addition, the intensity of the surface electrocardiographic potentials during ischemia was significantly greater, as measured by linear regression, after LAD than after LCx obstruction. These data thus demonstrate significant differences between the two cardiac regions as electrocardiographic potential sources during ischemia. Circulation 76, No. 3, 697-704, 1987 
THE UTILITY of the exercise stress test for detecting coronary artery disease is based on the production of transient subendocardial myocardial ischemia by increasing myocardial oxygen demand. As demonstrated in both clinical and animal studies, the increased demand produces alterations in regional myocardial blood flow1-3 and electrocardiographic patterns. 49
These changes can then be detected by radionuclide imaging or electrocardiographic techniques.
Prior studies from this laboratory9 have demonstrated an explicit quantitative relationship between the degree of flow abnormality produced and the intensity From the Medical Service, Veterans Administration Medical Center, and the Department of Medicine, University of Tennessee, Memphis.
Supported by grants from the Veterans Administration and from the NHLBI (HL20597).
Methods
Experimental preparation. Twenty-five adult mongrel dogs were included in this study. Each Fourteen seconds of data were acquired at each pacing rate. Linear baseline drift was corrected and PQRST waveforms in each lead that were similar in form were averaged to reduce random noise, as previously detailed.9 The onset of the P wave, the QRS complex, and the ST-T interval were then chosen manually from plots of three relatively orthogonal leads, and potentials during a 10 msec portion of the PR segment were averaged for use as a zero-potential reference level. Body surface isopotential maps were then constructed (figures 1 and 2, panels A to C) at 4 msec intervals throughout the ST-T wave. At high rates, the pacing artifact and P wave of one cycle became superimposed on the ST segment of the preceding waveform5; only portions of the ST segment before this overlap were examined. The quadripolar pacing electrode configuration generated smaller stimulus artifacts than would a standard bipolar pattern.
Isopotential difference maps (figures 1 and 2, panel D) were also computed by subtraction of voltages sensed at each torso location at one rate from those registered from the same site and at the same point in the cardiac cycle at a second heart rate. The resultant pattern depicted the electrical field generated by the intervention, i.e., increased heart rate, while controlling for biological variability in baseline potential distributions. figure 3 .
Nonischemic bed. Blood flow to both the endocardial and the epicardial thirds of the nonischemic wall increased progressively as heart rate was increased from 90 to 210 beats/min. The endo/epi ratio remained near unity. Flow changes were equivalent in the two experimental groups.
Ischemic bed. Flows in the epicardial third of the ischemic wall increased progressively as rate was increased from 90 to 210 beats/min. The resultant outer-wall flows were significantly lower (p < .05) in the ischemic bed than in the nonischemic bed at rates of 170 beats/min and higher, although the differences were figure 3, top panel) .
As expected from the above data, the endo/epi ratio fell significantly in both ischemic beds at higher heart rates. Mean values fell from near unity at rates of 90 beats/min to under 0.50 at rates of 210 beats/min. As illustrated in figure 3, ratio. Results likewise demonstrated that an abnormal map would occur (with a 50% probability) at a higher endocardial flow in the LAD than in the LCx perfusion bed (p < .05). When epicardial flow was used, logistic plots were colinear. Second, the relationship between the intensities of the peak negative potential in the isopotential difference maps (constructed by subtracting patterns at a paced rate of 90 beats/min from that at each paced rate with an ischemic pattern) and the corresponding endo/epi ratio was determined by linear regression methods. Resulting plots are shown in figure 5 .
Computed regression equations for both groups were highly significant, signifying a direct relation between the magnitude of the flow and the electrocardiographic abnormalities produced by pacing. Although the slopes of the two regression equations were not significantly different from each other, the y axis intercept for group II animals after constriction of the LAD was significantly (p < .05) greater than that for group I after LCx obstruction. Thus, for a given endo/epi ratio, more intense negative body surface potentials would be expected after LAD than after LCx occlusion.
Discussion
This study was based on two sets of previously reported data. First, prior reports from this laboratory identified a quantitative relationship between transmural myocardial blood flow during atrial pacing in dogs with chronic LCx occlusion and body surface isopotential maps during the ST segment.9 Statistical modeling demonstrated that a flow ratio of or less than 0.67 was required to yield, with a probability exceeding 50%, an abnormal potential pattern indicative of subendocardial ischemia. Furthermore, the magnitude of the abnormal surface potentials was inversely correlated to the endo/epi flow ratio.
Second, several lines of experimental and clinical evidence suggest functional differences between the various perfusion beds in the dog. For example, Becker et al. " reported that acute occlusion of the LAD in the anesthetized dog produces more extensive infarction than does obstruction of the LCx. This finding is related to observations by Scheel et al. 10 that stimulated collateral blood flow to the LAD bed is lower than that to the LCx territory. A similar spatial pattern has also been reported in the conscious dog. 12 Clinical studies have also suggested differences between the two perfusion territories. False-negative exercise tests are less common in patients with isolated LAD disease than with LCx or right coronary artery lesions,'1'6 and development of marked ST depression is more common with LAD disease. 17 The latter has also been observed in the animal preparation used in this study. ischemia is more severe in the LAD bed. To do so, we used an animal preparation in which chronic ameroid constriction produces gradual but complete anterograde obstruction1-3 but without producing significant necrosis18 because of the rapid development of collateral flow from all other perfusion beds.2' 10 Although specific tests for infarction were not done, all animals had normal resting ECGs and no gross evidence of necrosis at postmortem sectioning. Myocardial blood flow is normal at rest,2' 9 but ischemia develops during periods of increased demand produced by either exercise or by rapid atrial pacing. [1] [2] [3] 9 This in turn reverses the normal transmural gradient of ventricular recovery properties19 to generate body surface ST segment abnormalities that are very similar to those observed during exercise stress tests in patients with significant coronary artery obstruction.5 Although animals in groups I and II were studied sequentially rather than simultaneously, methods used for both were identical.
Effects of pacing. Qualitative blood flow responses to rapid atrial pacing in both groups were as anticipated. In the nonischemic bed, both epicardial and endocardial flows increased progressively with increased demand, without transmural redistribution. The changes in group II after LAD were more severe than in group I after LCx obstruction. As shown in two groups. In each, a highly significant relation was documented between the presence (figure 4) and the intensity (figure 5) of an abnormal or ischemic map pattern and magnitude of the changes in blood flow. The differences in the ischemic patterns reflect the differences in the positions of the ischemic beds within the torso, as previously detailed. ischemic ST segment patterns develop with less aberration of transmural flow in the LAD bed than in the LCx territory. The logistic plot (figure 4) for the LAD bed lies to the right of that for the circumflex bed, indicating that, for the same endo/epi ratio, the probability of detecting ST segment abnormalities was greater in the former than in the latter. The level at which an abnormal map might be expected in over 50% of cases increased from 0.65 to 0.74. The mechanism for this effect is unknown but is apparently not related to differences in bed size.9 One possibility relates to the regional differences in a-adrenergic innervation; stimulation of the right stellate ganglion produces vasoconstriction only in the LAD bed28 that may persist to control flow despite development of ischemia. 22' 23. 29 An analogous finding of more severe reductions in ventricular function with LAD than with LCx ischemia has recently been reported.30
Second, for a given endo/epi ratio, the intensity of the abnormal body surface negative potentials was greater for LAD than for LCx obstructions. This is demonstrated in figure 5 , in which the regression line between endo/epi ratio and the intensity of negativity in isopotential difference maps is higher for LAD than for LCx regions. This effect is probably related to the more eccentric position of the LAD bed within the chest, reducing the distance from the ischemic zone to 703
by guest on July 26, 2017 http://circ.ahajournals.org/ Downloaded from the recording electrodes. As noted above, perfusion bed sizes were equivalent. Implications. The findings of this study thus support the hypothesis that the two vascular beds respond to demand-dependent ischemia in quantitatively different ways. Not only does subendocardial ischemia result from lesser degrees of increased demand in the LAD than in the LCx bed, but an ischemic ST segment pattern is more likely to be observed for a given degree of ischemia or transmural flow redistribution and the intensity of the abnormality is expected to be greater.
These data may be directly related to two common and important clinical findings. The lesser degree of ischemia required to produce an electrocardiographic abnormality may explain the lower incidence of falsenegative exercise stress tests in patients with singlevessel LAD disease than with other lesion locations. 1l6 Second, the steeper slope of the relation between flow aberration and intensity of ST segment depression would explain the observed greater degree of ST segment depression with anterior lesions. 17 Thus these experimental data may have direct clinical relevance.
